Wang Y, Minshall RD, Schwartz DE, Hu G. Cyclic stretch induces alveolar epithelial barrier dysfunction via calpain-mediated degradation of p120-catenin. Am J Physiol Lung Cell Mol Physiol 301: L197-L206, 2011. First published May 13, 2011; doi:10.1152/ajplung.00048.2011.-Lung hyperinflation is known to be an important contributing factor in the pathogenesis of ventilator-induced lung injury. Mechanical stretch causes epithelial barrier dysfunction and an increase in alveolar permeability, although the precise mechanisms have not been completely elucidated. p120-catenin is an adherens junction-associated protein that regulates cell-cell adhesion. In this study, we determined the role of p120-catenin in cyclic stretch-induced alveolar epithelial barrier dysfunction. Cultured alveolar epithelial cells (MLE-12) were subjected to uniform cyclic (0.5 Hz) biaxial stretch from 0 to 8 or 20% change in surface area for 0, 1, 2, or 4 h. At the end of the experiments, cells were lysed to determine p120-catenin expression by Western blot analysis. Immunofluorescence staining of p120-catenin and F-actin was performed to assess the integrity of monolayers and interepithelial gap formation. Compared with unstretched control cells, 20% stretch caused a significant loss in p120-catenin expression, which was coupled to interepithelial gap formation. p120-Catenin knockdown with small interfering RNA (siRNA) dose dependently increased stretch-induced gap formation, whereas overexpression of p120-catenin abolished stretch-induced gap formation. Furthermore, pharmacological calpain inhibition or depletion of calpain-1 with a specific siRNA prevented p120-catenin loss and subsequent stretch-induced gap formation. Our findings demonstrate that p120-catenin plays a critical protective role in cyclic stretch-induced alveolar barrier dysfunction, and, thus, maintenance of p120-catenin expression may be a novel therapeutic strategy for the prevention and treatment of ventilator-induced lung injury. mechanical ventilation; adherens junction; ventilator; lung injury; tight junction VENTILATOR-INDUCED LUNG INJURY (VILI) as a result of mechanical stretch is characterized by increased alveolar-capillary permeability that leads to influx of protein-rich edema fluid and inflammatory cells into distal airways and alveoli (1, 38). The alveolar-capillary barrier is composed of epithelial cells of the alveolar wall, endothelial cells of the capillaries, and the basement membrane between adjacent cells. Under physiological conditions, the alveolar epithelium is much less permeable than the lung vascular endothelium. Breakdown of the epithelial barrier has significant consequences for patients with acute lung injury/ acute respiratory distress syndrome (43). With each breath and more significantly during mechanical ventilation, pulmonary alveolar epithelial cells undergo biaxial stretch as the surface area of the basement membrane increases. Emerging evidence from both in vivo and in vitro studies has revealed that mechanical stress in the form of cyclic stretch induces structural and cytosolic changes in alveolar epithelial cells that result in alveolar epithelial barrier dysfunction and pulmonary hyperpermeability (5a, 6, 9, 39, 40, 69). Although recent studies suggest that polymerization of the actin cytoskeleton increases paracellular permeability by inducing gap formation between adjacent cells (10), the precise molecular mechanism(s) have not been completely elucidated.
mechanical ventilation; adherens junction; ventilator; lung injury; tight junction VENTILATOR-INDUCED LUNG INJURY (VILI) as a result of mechanical stretch is characterized by increased alveolar-capillary permeability that leads to influx of protein-rich edema fluid and inflammatory cells into distal airways and alveoli (1, 38) . The alveolar-capillary barrier is composed of epithelial cells of the alveolar wall, endothelial cells of the capillaries, and the basement membrane between adjacent cells. Under physiological conditions, the alveolar epithelium is much less permeable than the lung vascular endothelium. Breakdown of the epithelial barrier has significant consequences for patients with acute lung injury/ acute respiratory distress syndrome (43) . With each breath and more significantly during mechanical ventilation, pulmonary alveolar epithelial cells undergo biaxial stretch as the surface area of the basement membrane increases. Emerging evidence from both in vivo and in vitro studies has revealed that mechanical stress in the form of cyclic stretch induces structural and cytosolic changes in alveolar epithelial cells that result in alveolar epithelial barrier dysfunction and pulmonary hyperpermeability (5a, 6, 9, 39, 40, 69) . Although recent studies suggest that polymerization of the actin cytoskeleton increases paracellular permeability by inducing gap formation between adjacent cells (10) , the precise molecular mechanism(s) have not been completely elucidated.
Alveolar epithelial cells form junctional complexes consisting of tight and adherens junctions that restrict the paracellular passage of lipid-insoluble molecules between alveolar and interstitial spaces. The relative impermeability of the alveolar epithelium to paracellular solute diffusion is predominantly regulated by tight junctions (7, 17, 28) . Tight junctions consist of integral membrane proteins: occludins, claudins, and junctional adhesion molecules (JAM) (26) . In rat alveolar type II cells, cyclic stretch has been demonstrated to decrease peripheral occludin expression, total cellular occludin content, and the degree of cell-cell attachment (7) . A recent study also showed that mechanical ventilation increased alveolar epithelial claudin-4 expression during VILI (47) . These findings suggest the important role of tight junctions in the mechanism of mechanical ventilation-induced epithelial barrier dysfunction.
The role of adherens junctions in the regulation of mechanical stretch-induced epithelial barrier dysfunction has not been reported. Adherens junctions have been shown to play a role in the adaptation of vascular endothelial cells to long intervals of shear stress (24, 32) and act as transducers, mediating the transduction of shear-stress signals into vascular endothelial cells (34) . These findings raise the possibility that epithelial adherens junctions may also contribute to the regulation of mechanical stretch-induced alveolar epithelial barrier dysfunction. Stabilization of adherens junctions is dependent on the association of epithelial (E)-cadherin, ␤-catenin, p120-catenin (p120), and ␣-catenin proteins and their linkage to the actin cytoskeleton (44) . p120 is the prototypic member of a subfamily of armadillo repeat domain-containing proteins thought to stabilize adherens junctions through interactions with E-cadherins. Thus p120 binds directly to the cytoplasmic domain of E-cadherin and contributes to the regulation of cell-cell junctional integrity (30) . p120 is highly expressed in endothelial and epithelial cells, fibroblasts, macrophages, cardiomyocytes, and cells of the nervous system. In mice, four different isoforms of p120 (1A, 1B, 2A, and 2B) have been detected (12, 23) .
In this study, we demonstrated that cyclic stretch-induced p120 downregulation and a concomitant increase in actin polymerization result in loss of alveolar epithelial barrier integrity. These findings suggest that maintenance of p120 expression may be a novel therapeutic strategy for the treatment and prevention of VILI.
MATERIALS AND METHODS
Mouse epithelial cell culture. Mouse lung epithelial cells (MLE-12) were purchased from American Type Culture Collection (Manassas, VA). The cells were plated at a density of 1 ϫ 10 5 cells/cm 2 on fibronectin-coated dishes in DMEM with 10% FBS, and grown to confluence in a humidified incubator at 37°C in 5% CO2-95% air. Confluent monolayers formed on culture dishes or BioFlex plates with elastomer membranes within 24 -48 h. MLE-12 cell monolayers were serum-deprived for 2 h prior to experiments. In some experiments, calpain inhibitor I (150 M) was added into the plate with confluent MLE-12 cell monolayers 15 min prior to stretch.
Cyclic stretching. Alveolar epithelial cell monolayers on flexible membranes were exposed to cyclic stretch using FX-4000T Flexercell Tension Plus system (Flexcell International, McKeesport, PA) equipped with a 25-mm BioFlex loading station as previously described (33) . Briefly, MLE-12 epithelial cells were seeded at standard densities (8 ϫ 10 5 cells/well) onto collagen I-coated flexible bottom BioFlex plates. After 48 h of culture, the medium was changed in each plate, and experimental plates with cell monolayers were mounted onto the Flexercell system. Based on our preliminary data, we used a pattern of cyclic stretch at a frequency of 30 cycles/min (0.5 Hz), with a stretch-to-relaxation relation of 1:1. Cyclic stretch was conducted at 8 and 20% change in basement membrane surface area applied in a cyclic manner. These surface area changes correspond to 50 and 80% of total lung capacity, respectively (11, 18, 39) . Cells were stretched for 1, 2, and 4 h at 37°C in a humidified incubator containing 5% CO 2. The flexible cell-covered elastomer membranes were stretched by applying an oscillating vacuum to the underside of the membranes. A computer controlled the duration, amplitude, and frequency of the applied stretch. Nonstretched cells (static cells) were used as controls. Comparisons were made between stretched cells and control cells cultured on the same plates in the absence of cyclic strain.
Transient transfection of siRNA. p120 and calpain-1 small interfering RNAs (siRNAs), which are composed of a pool of three target-specific 20-to 25-nt siRNAs (concentration range of 15-80 nM), were added to 50 -70% confluent MLE-12 cells in DMEM ϩ 10% FBS to deplete p120 and calapin-1 according to the manufacturer's protocol. Successful depletion of p120 and calpain-1 was confirmed by Western blot analysis. All experiments were performed 48 h after siRNA transfection (14, 35) .
Virus packaging and infection. p120 1A cDNA and empty vector (control) were transfected into Phoenix 293 packaging cells with Lipofectamine 2000 to produce retrovirus (16) . MLE-12 cells were then infected with LZRS-MS-IRES-neo virus containing p120 1A cDNA or vector as described previously (41) . The transfection efficiency and expression levels were determined by Western blot analysis and immunofluorescence of green fluorescent protein retroviral vector.
Western blot analysis. At the end of the experiment, cell lysates were collected and protein levels in stretched and control (nonstretched) cells determined by Western blot analysis (14, 35) . Briefly, cells were lysed following cyclic stretch in lysis buffer (50 mM Tris · HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 0.25% sodium deoxycholate, 1.0% Nonidet P-40, 0.1% SDS, 1 mM Na 3VO4, 1 mM NaF, 1 mM PMSF, and protease inhibitor mixture). Protein concentrations were measured by using a bicinchoninic acid protein assay kit (Pierce, Rockford, IL) according to the manufacturer's instructions. Equal amounts of protein were loaded on 10% acrylamide gels, separated by SDS-PAGE, and transferred to nitrocellulose membranes. Nonspecific binding was blocked with 5% nonfat dry milk in Tris-buffered saline (TBS) for 1 h at room temperature. The membranes were washed three times with TBS-T solution (0.05% Tween 20 in TBS) and incubated with tubulin (1:3,000), p120 (1:6,000), calpain-1 (1:800), or ␤-actin (1:3,000) antibodies in 5% BSA solution (in TBS-T). Incubation was carried out overnight; the membranes were washed three times for 5 min each and then incubated for 60 min with goat anti-rabbit (polyclonal) or anti-mouse (monoclonal) Ig G conjugated to horseradish peroxidase (ϳ1:5,000 -8,000). Membranes were washed three times for 5 min each, and the protein bands were detected by use of the ECL SuperSignal reagent (Pierce, Rockford, IL). Relative band densities of the various proteins were measured from scanned films using ImageJ Software [http://rsb.info.nih.gov/ij; National Institutes of Health (NIH), Bethesda, MD].
Immunofluorescence staining and quantitative analysis of gap formation. At the end of the stretch period, epithelial monolayers were fixed with formaldehyde and immunostained to determine intercellular gap formation. Briefly, cells were washed with PBS, fixed with 4% paraformaldehyde in HBSS, and then permeabilized for 30 min with 0.2% Triton X-100 in HBSS. Cells were blocked with 3% BSA in PBS and then incubated with anti-p120 antibody (1:600) followed by incubation with Alexa-labeled secondary antibody for another 2 h. Actin filaments were stained with Texas red-conjugated phalloidin diluted in the blocking solution. Control immunostaining was performed by using the respective nonspecific IgG. Cell nuclei were labeled with 4=,6-diamidino-2-phenyl indole dihydrochloride (DAPI). DAPI (1 g/ml) was added immediately after cell fixation for 20 min and the cells were rinsed three times. The Flex membranes were excised with a razor blade and then mounted on glass slides with ProLong antifade mounting medium (Molecular Probes). Confocal images were acquired with a laser-scanning confocal microscope (Zeiss LSM 510 META) using Hg lamp and UV filters to detect DAPI [band pass (BP) 385-470 nm emission], 488 nm laser excitation to detect Alexa 488 (BP 505-530 nm emission), and 543 nm ex laser to detect Texas Red (BP 550 nm emission). Optical sections of Ͻ1 m (pinhole set to achieve 1 Airy) were acquired with four frames averaging of 1,020 ϫ 1,020 pixels. The 16-bit images were analyzed by using MetaVue 4.6 software (Universal Imaging, Downington, PA). Paracellular gaps were manually marked out, and images were differentially segmented between gaps and cells based on image grayscale levels. Quantitative analysis of gap formation was performed using ImageJ software (NIH). For each experimental condition, at least five ϫ60 fields for each independent experiment were analyzed from different areas (both central and peripheral) of the total field (4, 14, 35) . Confocal images of epithelial monolayers which represent an average value across the surface area of the Silastic membrane were taken to illustrate effects of cyclic stretch on interepithelial gap formation. Gap formation was expressed as a ratio of the gap area to the area of the whole image.
Drugs and reagents. p120 and calpain-1 siRNAs were purchased from Dharmacon. ␤-Actin and ␣-tubulin horseradish peroxidaseconjugated goat anti-rabbit antibodies were from Santa Cruz Biotechnology; DAPI, goat anti-mouse, and anti-rabbit IgG labeled with Alexa 488 and Alexa 546 phalloidin were from Molecular Probes.
All other chemicals and reagents used were obtained from Sigma Chemical (St. Louis, MO) unless otherwise stated. cDNA transfection reagent Lipofectamine 2000 was purchased from Invitrogen. HBSS containing NaHCO 3 (4.2 mM) and HEPES (10 mM) was adjusted to pH 7.4. Calpain-1 inhibitor I was dissolved in DMSO. DMEM and FBS were obtained from Vec Technologies (Rensselaer, NY) and Hyclone (Logan, UT), respectively.
Statistical analysis. One-way ANOVA and Student-NewmanKeuls test for post hoc comparisons were used to determine differences between control and experimental groups. Student's t-test was performed for paired samples. Parameter changes between different groups over time were evaluated by a two-way ANOVA with repeated measures. Data are expressed as means Ϯ SE, and differences in group means were considered significant at P Ͻ 0.05.
RESULTS

Cyclic stretch induced intercellular gap formation and downregulation of p120 protein expression in murine alveolar epithelial cells.
We initially examined the effect of cyclic stretch on epithelial monolayer integrity. A cyclic stretch of 20% of the surface area caused a time-dependent increase in intercellular gaps (Fig. 1A) , consistent with previous findings (9) . Cells exposed to 20% cyclic stretch for 1 h revealed relatively normal patterns of cytoskeletal arrangement characterized by circumferential (cortical) F-actin staining. Two hour-cyclic stretch dramatically induced stress fiber formation and paracellular gap formation. These responses were even greater in epithelial monolayers at 4 h exposed to 20% cyclic stretch. Quantitative analysis of stretch-induced gap formation (Fig. 1B) confirmed these observations and showed that total gap area after exposure of cells for 4 h increased 16-fold compared with static control monolayers. In static controls, p120 staining was observed primarily at sites of cell-cell contact. However, after 2-or 4-h cyclic stretch, total p120 expression (fluorescence intensity) was substantially reduced. To confirm a change in p120 protein expression, we analyzed the expression of p120 in the mouse epithelial cells by Western blot analysis following cyclic stretch. p120 protein level in the epithelial cells was reduced in a time-dependent manner following cyclic stretch. After exposure of epithelial cells to 20% cyclic stretch for 4 h, p120 protein level decreased by 60% (Fig. 2) . Consistently, E-cadherin expression was also decreased after exposure of epithelial monolayers to cyclic stretch. Depletion of p120 enhanced cyclic stretch-induced intercellular gap formation in murine epithelial cells. To determine whether downregulation of p120 contributes to stretch-induced epithelial barrier dysfunction, we treated epithelial cells with a specific p120 siRNA that reduced p120 protein expression by 80% (Fig. 3A) . Reduced p120 expression per se did not result in gap formation between adjacent cells in the absence of cyclic stretch (Fig. 3B) . Cyclic stretch of 8% of the surface area did not induce stress fiber formation or epithelial barrier disruption in scrambled siRNA-treated monolayers. However, depletion of p120 in epithelial monolayers with a specific siRNA significantly increased 8% cyclic stretch-induced stress fiber formation and intercellular gap area (Fig. 3B) . Consistently, 20% cyclic stretch increased gap formation in scrambled siRNA-treated monolayers, whereas these effects were exaggerated by p120 knockdown in epithelial cell monolayers. A small number of detached cells were also found in p120 siRNA-treated epithelial cells in response to stretch. We next manipulated p120 expression with different concentrations of siRNA in epithelial cells, separated these data into three levels (ϳ70, 50, and 20%) of p120 expression (Fig. 4A ) and determined the effect of 20% cyclic stretch on gap formation relative to the level of p120 expression. We observed an 3 . Effects of different magnitudes of cyclic stretch on epithelial barrier integrity in epithelial cells transfected with scrambled (Sc) and p120 small interfering RNAs (siRNAs). MLE-12 epithelial cells were transfected with scrambled and p120 siRNAs. At 48 h posttransfection, cells were exposed to cyclic stretch (8 and 20%) for 2 h. A: p120 was downregulated with specific p120 siRNA as determined by Western blot. Actin was used as a loading control. B: after fixation and permeabilization, cells were incubated with anti-p120-catenin primary antibody followed by Alexa-conjugated secondary antibody (green). The F-actin and nucleus were stained with Alexa 546 phalloidin (red) and DAPI (blue), respectively. Scale bars ϭ 5 m. C: quantitative analysis of cyclic stretch-induced gap formation in alveolar epithelial cells exposed to low-and high-magnitude of cyclic stretch was performed as described in MATERIALS AND METHODS. Shown are representative results of 5 independent experiments. *P Ͻ 0.05 vs. control group (static). †P Ͻ 0.05 vs. respective Sc siRNA groups.
inverse correlation between stretch-induced gap formation and the level of p120 expression (Fig. 4, B and C) , suggesting that cyclic stretch-induced alveolar epithelial gap formation may be dependent on the level of the p120 knockdown.
Overexpression of p120 prevented stretch-induced gap formation in epithelial cells. To confirm the observation that p120 plays a role in the mechanism of epithelial barrier dysfunction caused by cyclic stretch, we transfected epithelial cells with p120 1A cDNA or the empty vector. At 48 h posttransfection, Western blot analysis showed that p120 expression doubled in cells transfected with p120 1A cDNA compared with vectortransfected cells (Fig. 5A) . Interestingly, after 2 h epithelial cell exposure to 20% cyclic stretch, p120 protein expression was reduced in control cells transfected with empty vector, whereas the level of p120 protein expression in p120 1A-overexpressing cells was not affected by mechanical stretch. p120 overexpression alone induced no change in cell-cell junctions (data not shown). Cyclic stretch of 20% of the surface area caused a significant increase in gap formation in epithelial cell monolayers transfected with the empty vector, whereas this effect was abolished by overexpression of p120 (Fig. 5B) . Fig. 4 . p120 siRNA increased cyclic stretch-induced gap formation in a dose-dependent manner. MLE-12 epithelial cells were transfected with scrambled and p120 siRNAs. At 48 h posttransfection, cells were then exposed to cyclic stretch (20%) for 2 h. A: the p120 siRNA specifically knocked down p120 expression as demonstrated at the protein levels in a dose-dependent manner. Left: representative Western blots of p120 protein expression. Right: the density of proteins in the control group was used as a standard (1 arbitrary unit) to compare relative densities in the other groups. *P Ͻ 0.05, compared with control groups. Data are representative of 3 independent experiments. B: after fixation and permeabilization, cells were incubated with anti-p120-catenin primary antibody followed by Alexa-conjugated secondary antibody (green). The F-actin and nucleus were stained with Alexa 546 phalloidin (red) and DAPI (blue), respectively. Scale bars ϭ 5 m. C: quantitative analysis of cyclic stretch-induced gap formation in alveolar epithelial cells transfected with p120 siRNA was performed as described in MATERIALS AND METHODS. Shown are representative results of 5 independent experiments. *P Ͻ 0.05 vs. control group (static).
Calpain-1 mediates stretch-induced p120 loss and subsequent gap formation. Calpain, a Ca
2ϩ -dependent protease, has been shown to mediate the degradation of p120 in ischemic SH-SY5Y cells (25) and vascular endothelial growth factortreated endothelial cells (19) . We therefore sought to address whether calpain-1 activation plays an important role in cyclic stretch-induced p120 degradation and subsequent epithelial barrier dysfunction. We found that pharmacological calpain inhibitor prevented cyclic stretch-induced p120 degradation compared with vehicle (DMSO) treatment (control) (Fig. 6A) . Confocal imaging showed that in DMSO-treated monolayers (control), 20% cyclic stretch induced gap formation which was prevented by calpain inhibitor (Fig. 6, B and C) . To clarify the contribution of calpain-1 and calpain-2 to the increase of calpain activity, we used siRNA to specifically knock down calpain-1 expression. Epithelial cells were transfected with calpain-1 siRNA or a scrambled siRNA as control. The efficacy of siRNA inhibition of calpain-1 and calpain-2 protein expression was analyzed by Western blot. As shown in Fig. 7A , calpain-1 protein expression was reduced by ϳ80% with calpain-1 siRNA compared with scrambled siRNA, whereas calpain-2 expression was not affected. Forty-eight hours after transfection, cell monolayers were exposed to 20% cyclic stretch for 2 h. Compared with control cells, 20% stretch induced p120 loss in scrambled siRNA-treated cells, whereas this effect was completed blocked in calpain-1-depleted cells (Fig. 7B) . Consistent with experiments using the pharmacological calpain inhibitor, confocal imaging demonstrated that depletion of calpain-1 prevented cyclic stretch-induced gap formation that occurred in scrambled siRNA-treated epithelial cells (Fig. 7C) .
DISCUSSION
Using genetic and confocal imaging approaches, we have demonstrated that adherens junction protein p120 is an important determinant of cyclic stretch-induced epithelial barrier disruption. Cyclic stretch caused calpain-1-mediated p120 degradation, which predisposes cell-cell junctions to a high susceptibility to mechanical stress-induced epithelial barrier dysfunction. Our results suggest that mechanical ventilation may increase alveolar epithelial permeability by inducing the cleavage of adherens junction protein p120.
Several lines of evidence in this study suggest that cyclic stretch-induced downregulation of adherens junction protein p120 contributes to alveolar epithelial barrier dysfunction in response to mechanical stress. We initially found that cyclic stretch caused interepithelial gap formation in a time-dependent manner, which was coupled to reduced adherens junction protein p120 expression. Furthermore, we observed a doseresponse effect of p120 siRNA on epithelial barrier dysfunction caused by cyclic stretch. The magnitude of cyclic stretch (8%) that did not induce gap formation in scrambled siRNAtreated cells had a disruptive effect on alveolar barrier in epithelial cells transfected with p120 siRNA. Cyclic stretch at 20% exaggerated gap formation in p120 knockdown cells compared with scrambled siRNA-treated cells. Finally, overexpression of p120 in epithelial cells abolished cyclic stretchinduced gap formation. Given all the evidence obtained so far, our results raise the possibility that the expression level of p120 may represent a threshold factor for alveolar epithelial barrier dysfunction during mechanical ventilation. These findings clearly suggest an important role of adherens junction protein p120 in stabilizing the alveolar epithelial barrier against mechanical stress.
Pulmonary epithelial adherens junctions are formed mainly by E-cadherin which is a transmembrane molecule that links neighboring cells through homophilic interactions. E-cadherin contains an extracellular domain (five homologous repeats) and a conserved cytoplasmic domain. p120 binds to the cytoplas- Fig. 5 . Effects of p120 overexpression on cyclic stretch-induced gap formation. MLE-12 cells were transfected with p120 1A cDNA or empty vector. At 48 h posttransfection, cells were exposed to cyclic stretch (20%) for 2 h. A: p120 protein expression was determined by Western blot analysis. B: after fixation and permeabilization, cells were incubated with antip120-catenin primary antibody followed by Alexa-conjugated secondary antibody (green). The F-actin and nucleus were stained with Alexa 546 phalloidin (red) and DAPI (blue), respectively. Scale bars ϭ 5 m.
mic domain in juxtamembrane regions via its central armadillo domain (20) whereas ␣-catenin interacts through ␤-catenin with the distal portion of the E-cadherin cytoplasmic domain (44) . Accumulating evidence indicates that p120 acts as a critical regulator of cell-cell adhesion by stabilizing E-cadherin hemophilic interactions and by maintaining the total level of E-cadherin expression in epithelial cells (29) . p120 binding to E-cadherin prevents the endocytosis and degradation of Ecadherin. p120-uncoupled E-cadherin not only increases Ecadherin internalization from the cell surface but also decreases its recycling back to the cell surface (21) . As expected, in the present study, E-cadherin expression decreased in epithelial cells as p120 expression decreased. Notably, p120 knockdown per se did not cause interepithelial gap formation, consistent with our previous findings in pulmonary endothelial cells (41) . In agreement with these results, p120-null epidermis displayed a marked reduction in E-cadherin at intercellular borders. Under normal conditions, depletion of p120 did not alter tight junction formation and cell-cell contacts within the epidermis (27) . However, reduction in adherens junction complexes imposed by loss of p120 resulted in adhesive defects under conditions of mechanical stress. Therefore, stretch-induced p120 loss may weaken the adhesive forces between cells and contribute to epithelial barrier dysfunction induced by mechanical stimulation. Taken together, our results indicate an important role of disruption of adherens junctions in the breakdown of alveolar epithelial barrier integrity during mechanical ventilation.
Studies have suggested that adherens junctions and tight junctions are functionally and structurally interconnected and that the assembly of tight junctions is generally dependent on the formation and maintenance of adherens junctions (22, 36) . Vascular endothelial-cadherin at adherens junctions upregulates expression of the tight junction protein claudin-5, and disruption of adherens junctions leads to the destabilization of tight junctions (36) . In addition, tight junction components zonula occludens (ZO)-1 and ZO-2 have been implicated in the crosstalk between these two junctional structures (15) . Thus it is likely that cyclic stretch-induced degradation of adherens junction protein p120 weakens tight junctions by disrupting tight junction protein expressions and complex integrity.
Calpains are a family of Ca 2ϩ -dependent intracellular cysteine proteases, encompassing the ubiquitously expressed calpain-1 (M Ca 2ϩ -requiring, also known as -calpain) and calpain-2 (mM Ca 2ϩ -requiring, also known as m-calpain). By cleaving their protein substrates, both calpain-1 and calpain-2 are implicated in a wide variety of biological functions (13) . Calpain-1 has been shown to mediate the degradation of p120 in ischemic SH-SY5Y cells (25) and endothelial cells (19) . To address whether calpain also mediates p120 loss caused by mechanical stretch in alveolar epithelial cells, we utilized a genetic approach as well as pharmacological inhibitor to elucidate the role of calpain-1 vs. calpain-2 in stretch-induced p120 loss and subsequent epithelial gap formation. We found that pretreatment of epithelial cells with calpain inhibitor prevented cyclic stretch-induced loss of p120 and interepithelial gap formation. Consistently, specific knockdown of calpain-1 also abolished stretch-induced p120 degradation and gap formation. These results suggest that calpain-1, but not calpain-2, mediates mechanical stretch-induced p120 degradation and subsequent epithelial barrier dysfunction. Rat alveolar type II epithelial cells exposed to mechanical stretch in culture exhibited elevated Ca 2ϩ mobilization (46) . Therefore, in our study, it is possible that cyclic stretch activates calpain-1 via an increase in intracellular Ca 2ϩ concentration. In addition to p120, other cell-cell junction proteins have been reported to be substrates of calpain. Calpain activation has been shown to induce cleavage of adherens junction proteins E-cadherin and ␤-catenin in airway, prostate, and mammary tumor epithelial cells (8, 31) . Furthermore, calpain also degraded tight junction protein occludin but not claudin-1 or JAM-1, indicating that calpains target specific junctional Fig. 6 . Effects of calpain inhibitor I on cyclic stretch-induced p120 loss and gap formation. MLE-12 cells were pretreated with calpain inhibitor I (Capn I, 150 M) for 15 min and then exposed to cyclic stretch (20%) for 2h. A: effect of calpain inhibitor I on stretch-induced p120 protein expression. p120 protein expression was determined by Western blot analysis. CON, control. B: after fixation and permeabilization, cells were incubated with anti-p120-catenin primary antibody followed by Alexa-conjugated secondary antibody (green). The F-actin and nucleus were stained with Alexa 546 phalloidin (red) and DAPI (blue), respectively. Scale bars ϭ 5 m. C: quantitative analysis of cyclic stretch-induced gap formation in alveolar epithelial cells was performed as described in MATERIALS AND METHODS. Shown are representative results of 5 independent experiments. *P Ͻ 0.05 vs. control group (static). †P Ͻ 0.05 vs. DMSO group.
proteins (8) . Thus we cannot exclude the possibility that cyclic stretch-induced calpain activation may have also caused degradation of these other junction proteins, resulting in gap formation. However, since the specific depletion of p120 with siRNA enhanced stretch-induced epithelial barrier dysfunction and overexpression of p120 abolished epithelial gap formation caused by cyclic stretch, our results clearly demonstrate the important role of p120 in cyclic stretch-induced epithelial barrier disruption.
The signaling mechanisms by which calpain-1-mediated, stretch-induced downregulation of p120 leads to gap formation are not clear. Activation of Rho kinases has been shown to play a role in cyclic stretch-induced gap formation in human pulmonary artery endothelial cells (5) . Recent evidence indicates that p120 inhibits RhoA and activates Rac and Cdc42 (2) . Thus the possible mechanism may be that calpain-1-mediated p120 loss in response to cyclic stretch induces alveolar epithelial barrier dysfunction via activation of RhoA and inhibition of Rac and Cdc 42.
In the present study, MLE-12 cells were utilized to determine the role of p120 in the regulation of alveolar epithelial barrier during mechanical stimulation. The MLE-12 cell line has been used as a model for alveolar type II epithelial cells to study mechanisms of mechanical stretch-mediated lung edema clearance (42, 46) . MLE-12 cells have a higher proliferative index compared with primary alveolar epithelial cells and may represent a subtype of respiratory epithelial cells. This characteristic of MLE-12 cells may be associated with a higher tolerance for mechanical stretch than primary alveolar epithelial type II cells (3, 45) . The relevance of our present study to in vivo animal and human clinical studies requires further investigation. However, we believe these studies provide valuable insight into the important role of adherens junction protein p120 in alveolar epithelial barrier dysfunction during mechanical ventilation.
In summary, this study provides evidence for the novel concept that cyclic stretch downregulates adherens junction protein p120 expression and weakens the epithelial barrier, thereby increasing the sensitivity of cell-cell contacts to mechanical stress. Calpain-1 activation mediates cyclic stretch-induced p120 degradation and subsequent epithelial barrier dysfunction. Our results suggest that p120 may be an important mechanosensitive molecule, and, thus, inhibition of p120 degradation may be a novel and effective target for the prevention and treatment of VILI. Fig. 7 . Effects of calpain knockdown on cyclic stretchinduced p120 loss and gap formation. MLE-12 epithelial cells were transfected with scrambled and calpain-1 siRNAs. At 48 h posttransfection, cells were then exposed to cyclic stretch (20%) for 2 h. Calpain-1, calpain-2, and p120 protein expression and epithelial barrier function were determined by Western blot analysis (A) and immunofluorescent staining, respectively (B). A: effect of calpain-1 siRNA on calpain-1 protein expression. B: effects of calpain-1 knockdown on cyclic stretch-induced p120 protein expression. C: after fixation and permeabilization, cells were incubated with anti-p120-catenin primary antibody followed by Alexa-conjugated secondary antibody (green). The F-actin and nucleus were stained with Alexa 546 phalloidin (red) and DAPI (blue), respectively. Scale bars ϭ 5 m.
